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Abstract 

The dynamic and static paramagnetic response of DyPO4 has been studied by neutron inelastic scattering and 
single-crystal magnetic susceptibility measurements. The observed energies and intensities of the magnetic transitions 
at 15 and 100 K were used to refine the parameters of the crystal field potential for Dy 3+ ions in DyPO4. The 
derived crystal field level structure provides a basis for explaining the low temperature magnetic properties of 
this compound. 

1. Introduction 

DyPO4 crystallizes in the tetragonal zircon structure 
(space group I41/amd) in which four equivalent rare 
earth ions in a unit cell occupy sites of D2a point-group 
symmetry. Similar to the isostructural compounds TbPO4 
and HoPO4, DyPO4 exhibits a number of intriguing 
magnetic properties at low temperatures. In the absence 
of an applied magnetic field, DyPOa orders antifer- 
romagnetically with the Dy moments oriented parallel 
and antiparallel to the crystallographic c-axis at tem- 
peratures T<TN=3.4 K [1-5]. Below TN, an antifer- 
romagnetic (af) to paramagnetic (pm) phase transition 
can be induced by a magnetic field applied along the 
c-axis for which the af-pm phase boundary joining (TN, 
0) and the tricritical point (TT = 2 K, HT = 0.7 T) in the 
H - T  phase diagram has been established [4-10]. The 
nature of the spin structure and phase transitions in 
the region of mixed metamagnetic phases, (T<TT, 
0 .5<H< 1 T), however, is not yet understood. 

The crystal field (CF) states and the spin dynamics 
of the Dy 3+ ions have important consequences for the 
magnetic and luminescence properties of DyPO4. In 
spite of numerous prior studies employing various ex- 
perimental methods, information regarding the CF-split 
ground-multiplet wavefunctions of the Dy 3+ ions in 
DyPO4 is still incomplete. From neutron diffraction 
[1-5], optical absorption [11-14] and M6ssbauer effect 
[15] studies, the ground state is known to have large 
[15/2, _+ 15/2) components and spectroscopic splitting g- 
factors parallel and perpendicular to the c-axis given 
by gql = 19 and g± = 0, respectively. The saturated mag- 

netic moment of the ground state doublet was estimated 
to be 9.2/x B at 0 K [1,3]. The energies and symmetries 
of all other states are not known. The first excited 
state was estimated to be about 8 meV above the ground 
state [14]. Consequently, the magnetic behavior has 
been interpreted by Ising-like interactions of magnetic 
ions with effective spins of 1/2. Since the excited states 
are ignored in this approach, only the very low-tem- 
perature data can be analyzed quantitatively [16-21]. 
Recently, we have initiated a systematic study of the 
rare earth energy-level structure of the RPO4 (R = Tb 
to Yb) compounds. In the present paper, we report 
inelastic neutron scattering and magnetic susceptibility 
measurements along with a corresponding determi- 
nation of the crystal field parameters. 

2. Experimental details 

Approximately 80 g each of polycrystalline powders 
of DyPO4 and LuPO4 were prepared by the technique 
of precipitation from molten urea [22]. The powders 
were then pressed into pellets and annealed at 1200 °C 
in air for 24 h to improve the crystalline quality. The 
samples were examined by X-ray powder diffraction 
and were found to have the appropriate zircon structure 
[23]. No impurity phases were observed within the 
experimental uncertainty. Single crystals were grown 
by dissolving and reacting the appropriate rare earth 
oxide in molten lead pyrophosphate at high temper- 
atu.res [24]. The magnetic susceptibility of a 0.93 mg 
single crystal was measured with an applied field of 
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500 G oriented perpendicular and parallel to the crys- 
tallographic c-axis using a SQUID magnetometer. 

Inelastic neutron scattering measurements were per- 
formed using the HRMECS chopper spectrometer at 
the Argonne spallation neutron source IPNS. The ex- 
perimental procedures were the same as those described 
previously in the crystal field (CF) study of RPO4 
compounds [25]. The energy resolution, AE (full-width- 
at-half-maximum), of the HRMECS spectrometer varies 
with energy transfer but is approximately 2-4% of the 
incident neutron energy (E0) over the neutron energy- 
loss spectrum. To fully explore the CF and phonon 
excitations up to 150 meV, five incident energies, 3.8, 
20, 40, 60, and 200 meV were chosen for the studies 
at selected temperatures between 4.2 and 100 K. The 
magnetic origin of the CF peaks was identified by an 
examination of the temperature and momentum-transfer 
dependence of the observed intensities and by a com- 
parison with the spectra of the non-magnetic, isos- 
tructural compound LuPO4. The data were corrected 
for background scattering and the effect of sample self- 
shielding by subtracting the combined empty-container 
and neutron absorber (i.e. cadmium) runs. Measure- 
ments of the elastic incoherent scattering from a va- 
nadium standard provided detector calibration and 
intensity normalization. 

3. Results and discussion 

The Dy3+6Hls/2 ground multiplet of DyPO4 is split 
by the tetragonal CF into four/"6 and four F7 Kramers 
doublets. Excitations (or de-excitations) between any 
two doublet states and elastic scattering within a doublet 
are allowed by the selection rules for magnetic dipole 
transitions in a neutron scattering experiment. Tran- 
sitions to the next multiplet, 6H13/2 , which is located 
at energies over 430 meV, were not observable in the 
present neutron experiment. The observed (magnetic 
and phonon) spectra for DyPO4 obtained at 15, 50, 
and 100 K with an incident energy of 40 meV are shown 
in the upper panel of Fig. 1. The spectrum of non- 
magnetic LuPO4, also shown in Fig. 1, provides an 
estimate of the underlying phonon component in DyPO4. 
Strong peaks at 0, 9.5, 18.2 and 22.3 meV and weak 
features at about 12.4 and 16 meV were observed at 
15 K. There is also evidence of a strong, unresolved 
peak at about 8.5 meV, as indicated by the asymmetric 
peak profile. The fact that the intensities of these peaks 
decrease at higher temperatures (e.g. 50 and 100 K) 
indicates that they originate from CF excitations of the 
ground state. The additional intensities in the 5-7.5 meV 
region which only occurred at higher temperatures, on 
the other hand, result from transitions from low-lying 
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Fig. 1. Upper panel: the measured scattering functions for DyPO4 
and LuPO4. The datapoint errors are approximately the size of 
the symbols. The lines for the DyPO4 data are guides to the 
eye. The labeled peaks correspond to the CF transitions shown 
in Fig. 2. Lower panel: the corresponding calculated scattering 
functions for CF transitions. 

excited states. No sharp CF excitations of discernible 
intensity at energies below 8 meV or above 30 meV 
were found from the runs with Eo of 3.8, 20, 60 and 
200 meV. 

The observed position of a CF peak is equal to the 
energy separation of the two CF states (e.g. (i1 and 
(j]) that participate in the transition, and the intensity 
is proportional to the square of the matrix element 
<i[l~ I J> (where J~ is the component of the total angular 
momentum operator perpendicular to the neutron wav- 
evector). If the CF-state energies and wavefunctions 
are obtained from a diagonalization of a Hamiltonian 
which contains a parameter set for the CF potential, 
the neutron scattering function, S(E), can be calculated 
in a straightforward manner. Details concerning the 
neutron scattering cross-section, the relation between 
the observed transition strength, and the spectroscopic 
splitting g-factors have been given elsewhere [25]. In 
practice, the CF parameters for the system under study 
are not known, and the goal is to find a set of CF 
parameters that produces calculated spectra which are 
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consistent with the observed CF peak energies and 
intensities at all temperatures. 

The CF model employed here represents a single 
rare earth ion in a crystalline environment. The for- 
mulation is based on the scheme of intermediate cou- 
pling using spherical tensor techniques. The Hamil- 
tonian, associated parameters, and underlying assump- 
tions of the theory have been treated in detail elsewhere 
[26-27]. The diagonalization of the total Hamiltonian 
was executed by a computer code written by the Cros- 
swhites [27]. The 99 lowest free-ion Russell-Saunders 
states were used to calculate the required matrix ele- 
ments. The parameters for the free-ion part of the 
Hamiltonian were taken from those obtained previously 
for Dy-doped LaF3 from optical spectroscopy by Carnall 
et al. [28] and were fixed throughout the calculations. 

The Dy ion site-symmetry (Dza) in DyPO4 necessitates 
the use of five parameters, B 2, B 4, B~4, B~o and B~4 to 
characterize the CF part of the Hamiltonian. In order 
to fit the neutron spectra, a set of CF parameters was 
obtained for DyPO4 by scaling the parameters estab- 
lished previously for TbPO4 [29]. Scaling of the CF 
parameters between different isostructural rare earth 
compounds has been described [30] previously in the 
CF treatments of high Tc superconductors. A comparison 
of the observed data with the calculated spectra at 15, 
50, and 100K using the parameters (B2=342, 
B 4 = 109, B~4 = - 695, B 6 = - 733 and B 6 = - 105 cm-  1) 
obtained from this scaling favored the assignment of 
8.5, 9.5, 16.0, and 18.2 meV as the energies of the first 
four excited states above the ground state. A subsequent 
fit to the neutron data converged rapidly, yielding 
calculated energies and intensities in good agreement 
with the experimental results for all of the transitions 
with the exception of the weak feature at 12.4meV 
which was not accounted for by the calculations. The 
crystal field parameters corresponding to the best fits, 
Boa=308.2, B g= 102.2, B~4 = -716.3, B~o = -735.7 and 
B 6= - 2 5 . 5  cm- l ,  are comparable to those found for 
the isostructural compounds TbPO4 and HoPO4 [25,29]. 
The calculated magnetic neutron scattering spectra are 
displayed in the lower panel of Fig. 1, and the resulting 
crystal field level scheme for the Dy3+6Has/2 ground 
multiplet is shown schematically in Fig. 2. An assumed 
intrinsic width of 0.75 meV for the CF peaks was used. 
Details concerning the magnetic form factor and the 
instrumental resolution functions in use have been 
described previously, and the procedures have been 
thoroughly tested for the Tb, Ho, Er, and Tm phosphates 
[25,29,31]. Since dysprosium has a large neutron ab- 
sorption cross-section (940 barns at neutron energy of 
70 meV), an effective attenuation factor of e x p ( -  5.578/ 
v'Ef) was applied to calculate the scattered intensity as 
a function of energy transfer (El is the neutron final 
energy in meV). Such a factor was used in order to 
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Fig. 2. A schematic diagram of the splitting of the Dy3+6H15a 
ground multiplet by the crystal field into four F 6 plus four F7 
Kramers doublets. The transition labels refer to the experimentally 
observed transitions shown in Fig. 1. 

reproduce the 41% effective transmission of the neutron 
beam that was determined in the 40 meV runs. 

In general, the agreement between the observed and 
calculated spectra at all three temperatures, as shown 
in Fig. 1, is good. The calculated matrix elements 
connecting the ground state to the upper F7 and F6 
states near 38 meV (see Fig. 2) are exceedingly small. 
This explains the lack of observed magnetic intensity 
above 30 meV in the neutron spectra. On the other 
hand, excitation from the F7 state at 9.5 meV to the 
/'7 at 37.5 meV results in a weak feature at 28 meV 
at high temperatures (Fig. 1). This very weak feature 
is difficult to resolve experimentally because the phonon 
background also increases at high temperatures. The 
weak peak at 12.4 meV and the excess intensities below 
5 meV at 50 and 100 K in the observed spectra, however, 
were not accounted for by the CF calculations. In an 
attempt to assess the extent to which these features 
can be accommodated by the CF model, we have 
extensively searched over the parameter space with a 
fit that included a 12.4 meV excitation, a fit that replaced 
the 16meV line by a 12.4meV line, and a fit that 
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included additional low-lying levels below 5 meV. In 
no case could we find a calculated spectrum that 
remotely resembled the observed energies and inten- 
sities. Therefore, we are confident that the overall 
magnetic excitation spectra are best represented by the 
CF model using the CF parameters mentioned above. 
The extra features may arise from coupling of CF states 
to other elementary excitations (e.g. phonons), which 
is not considered by the single-ion CF model. The 
present experiment using polycrystalline samples does 
not provide sufficient sensitivity for a quantitative eval- 
uation of these effects. 

In Fig. 3, the magnetic susceptibility determined from 
a single crystal of DyPO4 is compared with the calculated 
susceptibility obtained from the van Vleck formalism 
[32] using the final CF parameters. The good agreement 
between the observed and calculated susceptibility lends 
credence to the correctness of the CF interpretation 
of the neutron data. The deviation of the observed Xji 
from the calculated values at T<50 K, which is also 
seen [25,29] in ThPO4 and HoPO4, is caused by the 
internal field of the exchange interactions which even- 
tually leads to the antiferromagnetic ordering at 3.4 K. 
The large anisotropy, XbL versus t"1 or gll ( = 19.4) versus 
g ± ( -0 ) ,  is a consequence of the 99% pure [15/2, 
4-15/2) components in the F6 ground state doublet. 
The calculated saturated moment (at 0K) is 9.7txB 
This magnetic ground state, well separated from the 
higher states (see Fig. 2), justifies the analyses of the 
low temperature magnetic properties of DyPO4 using 
the corresponding g-factors with an effective spin of 
_+ 1/2 in the molecular field and Ising approximations 
[16-21]. 
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Fig. 3. The calculated (solid curves) and measured (symbols) 
magnetic susceptibility of DyPO4 with the applied magnetic field 
oriented perpendicular and parallel to the crystallographic c-axis. 
Inset: The inverse magnetic susceptibility. 
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